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Selective degradation of mitochondria is a fundamental process that depends on formation of
autophagy-related double-membrane vesicles exclusive to mitochondria, and is thus termed mito-
phagy. In yeast, mitophagy is induced by a shift from respiration to starvation, or prolonged respi-
ratory growth. Here we show that mitochondrial degradation in yeast also occurs selectively under
starvation conditions even without respiration. Induction of mitophagy takes place much later than
that of bulk autophagy, requiring Atg11 and Atg32 essential for mitophagy as well as Atg17, Atg29,
and Atg31 speciﬁc for bulk autophagy. We propose that these two discrete protein complexes coop-
eratively activate starvation-induced mitophagy.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondria are essential organelles that serve as multitasking
factories for energy conversion and various metabolic reactions,
and control a broad spectrum of signaling events including cell
death, innate immune response, and calcium homeostasis [1].
Proper management of mitochondrial quality and quantity is
important for these processes, as damage accumulation and a sur-
plus or deﬁcit in the organellar volumes leads to dysregulation of
mitochondrial functions [2]. To overcome this problem, cells em-
ploy a set of proteins to mediate selective turnover of mitochondria
via macroautophagy (hereinafter referred to as autophagy), a cata-
bolic system that sequesters cytosolic constituents into newly
formed double-membrane vesicles called autophagosomes, and
delivers them to lytic compartments such as lysosomes for degra-
dation and recycling [3,4]. This process, termed mitophagy, re-
quires speciﬁc receptors that recruit autophagy-related (Atg)
proteins essential for autophagosome formation to the surface of
mitochondria. Recent studies reveal that mitophagy is highly con-
served from yeast to humans [5], and that defects in mitophagy areassociated with mitochondrial genome instability, aberrant cell
differentiation, and neurodegeneration [6–8].
Diverse cues and physiological changes induce mitophagy in
different cell types, which is independent of nutrient deprivation,
a primary stress to activate non-selective autophagy. In the bud-
ding yeast Saccharomyces cerevisiae, degradation of mitochondria
is promoted by a shift of culture condition from respiration to
nitrogen starvation, or long-term respiratory growth [9–11]. Mito-
phagy in the former case occurs almost concomitantly with
autophagy during starvation. In the latter case, mitochondrial deg-
radation is facilitated upon entry into stationary phase. Similarly,
respiring cells treated with rapamycin, an autophagy inducer, exhi-
bit mitophagy [12]. Respiration is thought to be a common prere-
quisite for degradation of mitochondria under these conditions,
possibly in order to generate oxidative stress, which in turn in-
creases the levels of Atg32, a membrane-anchored receptor essen-
tial for mitophagy [11,13]. Consistent with this idea, an antioxidant
treatment can partially suppress Atg32 expression and mitochon-
drial degradation [11]. How Atg32 is induced to activate the mito-
phagy pathway remains largely unknown.
Mitochondria can also be degraded thorough non-selective
autophagy. For example, starved yeast cells lacking protease activ-
ity in the vacuole, a lytic compartment, accumulate numerous
intravacuolar membrane vesicles derived from autophagosomes.
These structures, called autophagic bodies, contain cytosolic con-
stituents such as ribosomes and occasionally even mitochondria
[14,15]. Although mitochondrial appearance in autophagic bodies
1788 A. Eiyama et al. / FEBS Letters 587 (2013) 1787–1792is quite rare, it can occur in an Atg32-independent manner, indicat-
ing that the process is random and non-selective (Eiyama and
Okamoto, unpublished observations). Whether mitophagy occurs
upon starvation without respiratory culture and, if so, when/how
it is facilitated has not been addressed.
In this study, we demonstrate that yeast mitochondria are
exclusively sequestered and transported into the vacuole during
nitrogen deprivation, which is induced 9–12 h after bulk autoph-
agy. Strikingly, respiration-deﬁcient cells also exhibit degradation
of mitochondria under the same conditions. This type of mitophagy
requires Atg32 and Atg11, a scaffold protein speciﬁc for selective
autophagy-related pathways [10,11,16], although the expression
of Atg32 is not drastically upregulated. Despite the selective fea-
tures of this catabolic process, mitochondrial degradation during
starvation is strongly impaired in cells lacking Atg17, Atg29, or
Atg31, three proteins forming a platform critical for non-selective
autophagy [17–19]. Together, our data suggest that starvation trig-
gers mitophagy in a manner temporally distinct from bulk autoph-
agy and physiologically independent of respiration, but
functionally dependent on the non-selective autophagymachinery.2. Materials and methods
2.1. Yeast strains and media
Yeast strains and plasmids used in this study are described in
Supplemental Tables S1 and S2 online, respectively. Standard ge-
netic and molecular biology methods were used for yeast and bac-
terial strains. Yeast cultures were incubated in YPD medium (1%
yeast extract, 2% peptone, and 2% dextrose), synthetic medium
(0.17% yeast nitrogen base without amino acids and ammonium
sulfate, 0.5% ammonium sulfate) with 0.5% casamino acids
containing 2% dextrose (SDCA) or 0.1% dextrose plus 3% glycerol
(SDGlyCA), supplemented with necessary amino acids. For
starvation-induced mitophagy, cells grown to mid-log phase in
YPD were transferred to starvation medium (SDN; 0.17% yeast
nitrogen base without amino acids and ammonium sulfate, 2%
dextrose, 10% potassium acetate) and incubated at 30 C. For
stationary-phase mitophagy under respiratory conditions, cells
grown to mid-log phase in SDCA were transferred to SDGlyCA
and incubated at 30 C.
2.2. Microscopy
Cells were observed using an inverted microscope (Axio Obser-
ver. Z1; Carl Zeiss) equipped with differential interference contrast
optics, epiﬂuorescence capabilities, a 100 objective lens (aPlan-
APOCHROMAT 100, NA: 1.46; Carl Zeiss), a monochrome CCD
camera (AxioCam MRm; Carl Zeiss), and ﬁlter sets for green ﬂuo-
rescent protein (GFP) and mCherry (13 and 20, respectively; Carl
Zeiss). Images were captured using acquisition and analysis soft-
ware (Axio Vision 4.6; Carl Zeiss).
2.3. Electron microscopy
Ultrastructual analysis of yeast cells was performed by Tokai-
EMA Inc. as described previously [11].
2.4. Immunoblotting
Samples corresponding to 0.1 OD600 units of cells were sepa-
rated by SDS–PAGE followed by Western blotting and immunodec-
oration. Pgk1 was monitored as a loading control. After treatment
with enhanced chemiluminescence reagents, proteins were de-
tected using an image analyzer (LAS-4000 mini; GE Healthcare).3. Results
3.1. Starvation-induced mitophagy is temporally distinct from
autophagy
To investigate whether mitochondria are selectively degraded
during nutrient starvation without respiratory culture, we visual-
ized mitochondria and vacuoles using a mitochondrial matrix-tar-
geted GFP (mito-GFP) and mCherry fused at the C-terminus of
Vph1, a membrane-integrated subunit of vacuolar ATPase (Vph1-
mCherry), respectively, in cells lacking Prb1, a vacuole-localized
serine protease. In this degradation-deﬁcient cell, membrane-
bound vesicles and proteins transported into the vacuole can be
accumulated as degradation intermediates. Cells were grown to
mid-log phase in rich medium (YPD) and then subjected to nitro-
gen deprivation (SDN). In these dextrose-containing media, yeast
cells can generate ATP mostly by glycolysis, and mitochondrial res-
piration is not essential for viability. As reported previously [11],
cells grown in YPD (–N, 0 h) contained tubular mitochondria that
were not overlapped with vacuoles (Fig. 1A). Similarly, we hardly
detected obvious overlaps between the two organellar markers in
cells starved with nitrogen for 6 h (Fig. 1A). It is well established
that numerous autophagic bodies are accumulated in vacuolar
degradation-deﬁcient cells at this time point [14]. Thus, bulk
autophagy does not seem to promote degradation of mitochondria
during starvation. Strikingly, at 24 h after starvation, we found sev-
eral mito-GFP dots colocalized with Vph1-mCherry patterns in a
manner dependent on Atg7, a protein essential for all autophagy-
related processes (Fig. 1A). These observations raised the possibil-
ity that mitochondrial fragments were transported to the vacuole
via bulk autophagy or mitophagy.
Next, we performed electron microscopy in order to distinguish
between these two possibilities. As expected, autophagic bodies
containing cytosolic ribosomes were detected in vacuolar degrada-
tion-deﬁcient cells starved with nitrogen for 24 h (Fig. 1B). In addi-
tion, we found membrane-bound vesicles lacking ribosomal
particles (major cargoes of bulk autophagy) that were hardly seen
in the absence of Atg32 (Fig. 1B). Hence, it is likely that mitophagy
occurs to generate vesicles exclusively containing mitochondria
during starvation.
To verify our microscopic observations, we monitored mito-
chondrial degradation using mito-dihydrofolate reductase
(DHFR)-mCherry, a reporter located in the matrix of mitochondria
[20]. Upon transport of mitochondria to the vacuole, this fusion
protein is processed to generate free mCherry that is considerably
protease-resistant, thereby indicating degradation of mitochon-
dria. We found that, at 24 h after starvation, free mCherry was
accumulated in wild-type cells, which depended on Atg32 and
Atg11, two proteins essential for mitophagy (Fig. 1C and D). Similar
results were obtained from cells grown under respiratory condi-
tions (Supplemental Fig. S1A and B) [10,11,13]. Together, these
data exclude the possibility that mitochondria and/or their resi-
dent markers are transported into the vacuole via bulk autophagy
or conventional membrane trafﬁcking pathways, and rather sup-
port the idea that mitochondria are selectively degraded during
starvation independently of autophagy.
Our results described above are consistent with the notion that
mitophagy under starvation is promoted much later than bulk
autophagy. Indeed, a more detailed time course assay revealed that
free mCherry generated from the mitophagy marker was detected
at 12–15 h after nitrogen deprivation (Fig. 1E), whereas autophagic
bodies are known to accumulate in cells starved with nitrogen only
for 3–6 h [14]. Moreover, we monitored processing of GFP-Atg8, an
indicator of bulk autophagy, under the same conditions, and con-
ﬁrmed that free GFP was clearly detected at 6 h after nitrogen
deprivation (Fig. 1F). In conclusion, we establish that yeast cells
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Fig. 1. Mitochondria are selectively degraded after bulk autophagy during nitrogen starvation. (A) Mitochondrial GFP- and vacuolar Vph1-mCherry-expressing prb1D and
atg7D prb1D cells grown to mid-log phase in YPD were shifted to nitrogen starvation (–N) for 6 and 24 h, and investigated using ﬂuorescence microscopy. Scale bar, 2 lm. (B)
pep4D prb1D and atg32D pep4D prb1D cells were grown as in (A), exposed to starvation for 24 h, and examined by transmission electron microscopy. AB, autophagic body;
MB, mitophagic body. Scale bars, 500 nm. (C) Mitochondrial matrix-targeted DHFR-mCherry-expressing (mito-DHFR-mCherry, depicted by arrow) wild-type and atg32D cells
were grown to mid-log phase in YPD, incubated for the indicated time points in starvation medium (–N), and subjected to Western blotting. Generation of free mCherry
(depicted by arrowheads) indicates transport of mitochondria to the vacuole. (D and E) Mito-DHFR-mCherry-expressing wild-type, atg11D, and atg7D cells were analyzed as
in (C). (F) Cells used in (E) were transformed with a plasmid encoding GFP-Atg8 and analyzed as in (C). Generation of free GFP indicates progression of bulk autophagy.
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mechanistically distinct fashion.
3.2. Respiration is dispensable for starvation-induced mitophagy
We have previously shown that the Atg32 levels are elevated
10- to 20-fold in respiring cells at mid-log phase, which is critical
for efﬁcient degradation of mitochondria during prolonged respira-
tory growth [11]. To ask if Atg32 is also upregulated during starva-
tion, hemaagglutinin (HA)-tagged Atg32 was expressed from the
endogenous locus and monitored by Western blotting. Vacuolar
degradation-deﬁcient cells were used to prevent Atg32 from mito-
phagy-dependent turnover. In contrast to the strong inductionunder respiratory conditions, Atg32 was not drastically increased
in cells starved with nitrogen for 0–30 h (Fig. 2A), while the degree
of starvation-induced mitophagy was about 50% compared to that
of stationary-phase mitophagy under respiratory conditions (Sup-
plemental Fig. S2A).
To test whether the amount of Atg32 is the rate-limiting factor
of mitophagy during starvation, we introduced two low-copy plas-
mids encoding HA-tagged Atg32 into cells expressing a chromo-
somal version of HA-tagged Atg32, and monitored processing of
mito-DHFR-mCherry. When starved with nitrogen, cells containing
an ectopically increased level of Atg32 exhibited more efﬁcient
mitophagy (Fig. 2B). It should be noted that these cells grown to
mid-log phase in rich medium (–N, 0 h) contain 5- to 10-fold
1790 A. Eiyama et al. / FEBS Letters 587 (2013) 1787–1792higher amount of Atg32 compared to wild-type cells, but do not
promote mitochondrial degradation, raising the possibility that
additional mechanism(s) may be needed to activate Atg32-medi-
ated mitophagy.
The fact that Atg32 is not strongly upregulated during nitrogen
deprivation led us to ask if mitochondrial respiration is required for
starvation-induced mitophagy. Strikingly, degradation of mito-
chondria was almost at wild-type levels in respiration-deﬁcient
cells lacking Cyt1, a component of the cytochrome bc1 complex,
or Cox7, a subunit of cytochrome c oxidase (Fig. 2C). Cells treated
with antimycin A, an antibiotic that inhibits the cytochrome bc1
complex, also promoted mitophagy at levels equivalent to mock-
treated cells (Supplemental Fig. S2B). Thus, these data suggest that
degradation of mitochondria during starvation can be promoted in
a manner independent of respiration.
3.3. Mitophagy during starvation requires Atg13, Atg17, Atg29, and
Atg31
Our previous study reveals that Atg13, a core Atg protein re-
quired for activation of the Atg1 protein kinase [21], is not essential
for mitophagy in stationary phase under respiratory conditions
[11]. In addition, Atg17, Atg29, and Atg31, three proteins forming
a scaffold speciﬁc for bulk autophagy, are dispensable forA
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Fig. 2. Mitophagy occurs even without strong Atg32 induction and mitochondrial
respiration. (A) Atg32-3HA-expressing wild-type cells grown to mid-log phase in
SDCA and YPD were transferred to respiration medium (Gly) and nitrogen-free
medium (–N), respectively, collected at the indicated time points, and subjected to
Western blotting. (B) Atg32-3HA- and mito-DHFR-mCherry expressing cells were
transformed with empty vectors or two plasmids encoding Atg32-3HA, grown to
mid-log phase in YPD, shifted to nitrogen starvation (–N), collected at the indicated
time points, and subjected to Western blotting. Generation of free mCherry
(depicted by arrowheads) indicates transport of mitochondria to the vacuole. (C)
Mito-DHFR-mCherry-expressing wild-type, cyt1D, cox7D, cyt1D atg32D, and cox7D
atg32D cells were analyzed as in (B).degradation of mitochondria during respiratory growth [11].
Hence, we sought to investigate whether these Atg proteins are
also unnecessary for starvation-induced mitophagy. When grown
under respiratory conditions, cells lacking Atg13, Atg17, Atg29, or
Atg31 exhibited partial defects in mitochondrial degradation as
well as the cytoplasm-to-vacuole targeting (Cvt) pathway, a selec-
tive Atg process that mediates transport of some vacuolar proteins
including Ape1, an aminopeptidase, from the cytosol to the vacuole
(Supplemental Fig. S3A–C). To the contrary, we found that mito-
phagy during starvation was almost completely blocked in cells
lacking these Atg proteins (Fig. 3A and C). Maturation of Ape1
was partially impaired in these mutant cells under the same condi-
tions, indicating that Atg11 was functional, at least for the Cvt
pathway (Fig. 3C). Finally, we monitored processing of GFP-Atg8
under the same conditions, and conﬁrmed that autophagy was
induced only in wild-type cells (Fig. 3B and D). Therefore, despite
the fact that mitophagy in starved cells is selective and temporally
distinct from bulk degradation, it seems to depend on the autoph-
agy-speciﬁc machinery.4. Discussion
In this study, we demonstrate that yeast cells starved with
nitrogen undergo Atg11- and Atg32-dependent selective degrada-
tion of mitochondria 9–12 h after autophagy (Fig. 1A–E), suggest-
ing that mitophagy during starvation is mechanistically distinct
from bulk degradation. This type of mitochondrial turnover pro-
ceeds under culture conditions containing fermentable carbon
source such as dextrose, and is likely to be independent of respira-
tion. In support of this idea, strong expression of Atg32, which oc-
curs in respiring cells [11], is not detected during starvation
(Fig. 2A). Furthermore, respiration-deﬁcient starved cells can pro-
mote mitophagy (Fig. 2C and Supplemental Fig. S2B). Mitochon-
drial DNA (mtDNA) is also dispensable for degradation of
mitochondria during starvation (Eiyama and Okamoto, unpub-
lished results). Finally, cells lacking mtDNA do not accumulate
reactive oxygen species (ROS) under starvation conditions [22].
Thus, it seems possible that starvation-induced mitophagy does
not require mitochondrial respiration and ROS generation. As
Atg32 appears to be phosphorylated during nitrogen starvation
(Fig. 2A), we speculate that a different type of phosphorylation
could qualitatively hyperactivate Atg32 in order to overcome the
shortage of this mitophagy receptor.
How degradation of mitochondria occurs much later than bulk
degradation is not entirely clear. Although mitophagy during star-
vation depends on the autophagy-speciﬁc proteins, Atg17, Atg29,
and Atg31 (Fig. 3A and B), it does not require vacuolar lytic activ-
ities (Fig. 1A and B). These results imply that nutrient recycling is
not a trigger and/or prerequisite for starvation-induced mitochon-
drial turnover. It has been previously reported that a shift from res-
piration to starvation promotes mitophagy concomitantly with
autophagy [13]. In this case, Atg32 is upregulated upon respiratory
growth, which may be a key to quickly facilitate mitochondrial
degradation. Similarly, introducing extra copies of the ATG32 gene
can accelerate starvation-induced mitophagy (Fig. 2B). Hence, the
Atg32 levels are likely to be a factor that determines the timing
of mitochondrial clearance. The other determinant might be orga-
nelle size: mitochondria in starved cells seem to elongate as tu-
bules that are too large to be surrounded by autophagosome-like
membranes (Fig. 1A). In analogy to our observations, mitochon-
drial fragmentation is suppressed upon nutrient deprivation in
mammalian cells, reducing the risk of mitochondrial turnover by
autophagy [23,24]. Further studies are also needed to clarify
whether starvation activates Atg32 through mechanisms including
phosphorylation similar to, or different from respiration.
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Fig. 3. Cells lacking Atg13, Atg17, Atg29, or Atg31 are defective in starvation-induced mitophagy. (A) Mito-DHFR-mCherry-expressing wild-type, atg1D, and atg13D cells
grown to mid-log phase in YPD were shifted to nitrogen starvation (–N), collected at the indicated time points, and subjected to Western blotting. Generation of free mCherry
(depicted by arrowheads) indicates transport of mitochondria to the vacuole. (B) Cells used in (A) were transformed with a plasmid encoding GFP-Atg8 and analyzed as in (A).
Generation of free GFP indicates progression of bulk autophagy. (C) Mito-DHFR-mCherry-expressing wild-type, atg17D, atg29D, and atg31D cells were analyzed as in (A).
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Atg17, Atg29, and Atg31? These three Atg proteins form a scaffold
to recruit the Atg1–Atg13 protein kinase complex to the site for
autophagosome formation [19]. One possibility could be that the
autophagy-speciﬁc scaffold and the mitophagy platform (Atg11–
Atg32) collaborate to mediate formation of autophagosome-like
membranes surrounding mitochondria. Supporting this idea,
Atg11 has been suggested to interact with Atg17 and Atg29 [25–
27]. Such interaction may help specializing the Atg1–Atg13 protein
kinase complex for degradation of mitochondria. In addition,
Atg13, an Atg1 activator, is not essential for mitophagy during pro-
longed respiratory growth [11], whereas it is indispensable for
mitophagy under nitrogen starvation (Fig. 3A). Thus, targeting of
strongly activated Atg1 to mitochondria might be critical to com-
pensate for the low levels of Atg32 expression in starved cells,
thereby ensuring mitophagy to occur.
The biological signiﬁcance of late-induced mitophagy during
starvation remains to be elucidated. In addition to massive degra-
dation and recycling, cell structure and functionmust be remodeled
and adapted properly to nutrient deprivation. These events may
require mitochondrial metabolic activities, and therefore mito-
chondria should avoid clearance by bulk autophagy. Upon comple-
tion of the adaptation processes, cells may promote mitophagy to
degrade surplus mitochondria, which further provides recycled
biomolecules and reduces overall cellular energy demand. More-
over, late-inducedmitophagymay also contribute to mitochondrial
quality control under starvation conditions. In accordance with
this idea, cells lacking Atg32 exhibit defects in mitochondrial
respiration during long-term starvation [6] (Kondo-Okamoto and
Okamoto, unpublished data). Future studies will address the issue
of how nutrient-starved cells target the autophagy-speciﬁc
machinery to mitochondria and regulate the timing of mitophagy.Acknowledgments
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